Surface plasmon polaritons associated with light-nanoparticle interactions can result in dramatic enhancement of electromagnetic fields near and in the gaps between the particles, which can have a large effect on the sintering of these nanoparticles. For example, the plasmonic field enhancement within nanoparticle assemblies is affected by the particle size, spacing, interlayer distance, and light source properties. Computational analysis of plasmonic effects in three-dimensional (3D) nanoparticle packings are presented herein using 532 nm plane wave light. This analysis provides insight into the particle interactions both within and between adjacent layers for multilayer nanoparticle packings. Electric field enhancements up to 400-fold for transverse magnetic (TM) or Xpolarized light and 26-fold for transverse electric (TE) or Y-polarized light are observed. It is observed that the thermo-optical properties of the nanoparticle packings change nonlinearly between 0 and 10 nm gap spacing due to the strong and nonlocal near-field interaction between the particles for TM polarized light, but this relationship is linear for TE polarized light. These studies help provide a foundation for understanding micro/ nanoscale heating and heat transport for Cu nanoparticle packings under 532 nm light under different polarization for the photonic sintering of nanoparticle assemblies.
Introduction
With the recent growth of the field of printed electronics, photonic sintering on metal nanoparticles has started to gain significant attention [1, 2] . In these systems, nanoparticles are generally deposited on to a substrate and self-organize into three-dimensional (3D) packing structures. A high-intensity laser is then used to heat the nanoparticles and cause them to fuse together in order to create conductive, electronic structures [3, 4] . However, the light-matter interactions for threedimensional nanoparticle packings are not well understood. This is because upon illumination of the nanoparticles with a laser light source at certain wavelengths, polarizations, and incident angles, the optical reflectivity and absorption of the nanoparticle packing is strongly influenced by the type and size of the nanoparticle as well as the interparticle spacing [5] . Metal nanoparticles show unique plasmonic behavior under illumination at particular wavelengths, which makes them particularly sensitive to the illumination and packing structure [6] . When metallic nanoparticles are dispersed in solvents, they exhibit very strong and localized surface plasmon resonance peaks, which are caused by the collective free electron oscillations in metal [7, 8] . However, these dispersed particles do not have significant interactions with each other due to their large separation distances between particles in the dispersion. In a typical nanoparticle assembly used to make electronic interconnect structures, the nanoparticles are generally packed very close together that causes them to have significant particle-to-particle interactions. Therefore, this paper presents a study of how spacing between particles effects the thermo-optical properties of the 3D packing structures.
Very few studies of nanoscale particle structures exist, but numerous continuum models of the macroscale photonic sintering process that approximate the nanoparticle assembly as a continuous medium have been developed [9] [10] [11] [12] [13] [14] [15] [16] . In these models, the heat equation, along with a laser source term, is discretized across the domain using a finite element or finite volume mesh, and the resulting set of algebraic equations is solved to yield a prediction of the temperature distribution in the domain. This type of modeling approach works well when the optical, thermal, and melt/sintering properties of the assembly are well known. When parameters for particle assemblies cannot easily be measured experimentally, the discrete element method is commonly used. Discrete element method is a versatile technique for modeling particle assemblies in which each particle in a domain is represented as a sphere with certain geometric (position, radius) and thermal (temperature, conductivity, specific heat, emissivity) properties. Numerous models have been developed to predict the optical [17] [18] [19] [20] [21] and thermal [22] [23] [24] [25] properties of nanoparticle assemblies. However, the physics of the photonic sintering process change as the particles in the assemblies become smaller than the wavelength of the laser used to sinter them.
Of the nanoscale particle assembly models that exist, they are generally configured into different periodic arrays of nanoparticles in two dimensions to demonstrate the electromagnetic coupling between the metallic nanoparticles. Well-ordered two-dimensional configuration analysis has been performed for many different applications; however, different 3D configurations are not well understood [26, 27] . One of the main challenges in the analysis of 3D nanoparticle configurations is that the particles agglomerate with each other into poorly organized 3D configurations due to the van der Waals attraction between the particles. These van der Waals forces are a function of the size of the particles and interparticle spacing, as well as the surfactant properties in the nanoparticle solution [28, 29] . Hence, understanding optical phenomena exhibited by metal nanoparticle packings such as surface plasmon resonance, light scattering, surface-enhanced Raman scattering [30] , and light reflection in the optically thick and thin regimes is very crucial. Some optical and transmission electron microscopy images of thin metallic nanoparticle films on a substrate and corresponding X-ray diffraction patterns have shown that certain particle configurations are likely to arise depending on the deposition method [31] . Therefore, in this paper, we model a common 3D configuration with one nanoparticle sitting on top of three other nanoparticles. In addition, the recent studies on the size effect of surface plasmon resonance absorption have shown a shift in the resonance peak when the nanoparticle size increases in the size range of tens to hundreds of nanometers. Thus, in this paper, we analyze the extinction cross section of different Cu nanoparticle packings under laser illumination, focusing in particular on the time-averaged electromagnetic energy flux density with different 3D configurations for transverse electric (TE) and transverse magnetic (TM) polarization and its possible implications for nanoscale heating and thermal transport.
Modeling Analysis
In this paper, finite difference frequency domain simulations are applied to solve Maxwell's equations and analyze the effect of metallic nanoparticles spacing and packing on the near-field electromagnetic field intensity. Scattering from nanoparticles in the packing causes a perturbation to the total field induced by an incident plane wave. The total wave can be expressed as the superposition of the incident and scattered waves. Therefore, superposition of the incident wave, a reflected wave in the domain, and a transmitted wave in the substrate is necessary in order to analyze the metallic nanoparticle packings. Due to the fact that the scatterers are placed on a substrate, Maxwell's full field equation is solved without the presence of the scatterers that provide the entering background field to the domain for the scattered field analysis. To achieve this, one port in the simulation is set up (E 0 ¼ 1 V/m) to define the incident plane wave and the other port absorbs the transmitted wave. A perfectly matched layer outside of the computational region is used to absorb the scattered thermal radiation in all directions. The complex permittivity function of the metallic nanoparticles is taken from Johnson and Christy [32] and the nanoparticles are placed onto a glass substrate (n ¼ 1.5) and are surrounded with air (n ¼ 1).
In this paper, both single nanoparticle (case a) and four nanoparticle configurations (case b) on a glass substrate are analyzed, as illustrated in Fig. 1 . Since the nanoparticles exhibit different plasmonic effects at different gap distances, out-of-plane configurations need to be understood well in order to be able to tune the plasmonic optical properties of the nanoparticle assembly. Also, since nanoparticles tend to agglomerate at the nanoscale, the particles initially are modeled with an agglomerated configuration (case b) where all particles are all touching each other. These configurations are analyzed using both TM (x-polarized) and TE (ypolarized) plane wave illumination at a wavelength of 532 nm.
The nanoparticles used in this study are 100 nm diameter copper nanoparticles placed on a 350 nm thick, 750 nm Â 750 nm wide glass substrate. To be able to see the agglomeration effect in case b, the distance between the particles (d) is varied from 0 to 50 nm. By investigating TE and TM polarized light, scattering and absorption cross sections are calculated. The scattering cross section is found by calculating the surface integral of the scattered Poynting vector and the absorption cross section is analyzed by the volume integration of the absorbed energy within the nanoparticles.
Results and Discussion
Single Nanoparticle Analysis and Effect of Substrate. The cross-sectional analysis of a single particle on a glass substrate (case a) is shown in Fig. 1 . Since the glass substrate is mostly transparent at 532 nm, and the 100 nm diameter copper nanoparticle does not create a strong near-field coupling within the gap between the particle and the glass substrate at 532 nm wavelength, it is observed that the maximum electric field enhancement |E|/|E 0 | is around 24 and increases slightly ($10%) as the gap increases from d ¼ 0 to d ¼ 10 nm. It can also be seen from Fig. 2 that the scattering cross section increases very slowly due to the small reflection from the glass substrate as the gap varies from 0 to 10 nm. The absorption cross section also increases with increasing gap distance; however, the maximum electromagnetic power loss density for the nanoparticle, which is located at the closest region of the nanoparticle to the glass substrate, decreases with as the gap size increases. This is expected since the nanoparticle and glass substrate are in thermal contact when d ¼ 0, but the thermal coupling between the particle and the substrate decreases with Transactions of the ASME increased gap size. Nevertheless, volume integration of the absorbed energy results in increased absorption cross section with increasing gap. Hence, the extinction cross section also increases with increasing gap. Overall, it is observed that the absorption cross section is dominant over the scattering cross section for this particle size when placed on a glass substrate. In addition, the maximum electric field enhancement and heating loss both increase along the polarization direction for the nanoparticle above a glass substrate as the gap size increased from d ¼ 0 to d ¼ 10 nm. Furthermore, due to the small reflection by the glass substrate, the background field distribution around the nanoparticle and the relatively weak near-field coupling at the gap at 532 nm wavelength likely also affect this observed phenomena [33] . In order to analyze the effect of the substrate on the thermooptical properties of the Cu nanoparticle, the scattering, absorption, and extinction cross section of a 100 nm diameter copper nanoparticle were also calculated without the glass substrate. From these simulations, it is observed that the maximum electric field enhancement near the edges of the copper nanoparticle caused by dipole mode is up to a factor of four. This means that the observed scattering, absorption, and extinction cross section values for the copper nanoparticle in air without a glass substrate are around 35 times less than the values when the nanoparticle is placed on a glass substrate with d ¼ 0. Moreover, the heat loss observed for the simulations with an isolated single nanoparticle is also around 35 times less than the case where the single nanoparticle is placed on a glass substrate with d ¼ 0. This indicates that the even though the substrate is transparent to the light, it still has a significant effect on thermo-optical properties of the nanoparticles placed on the substrate and cannot be neglected in the analysis of the metal nanoparticle sintering in photonic sintering applications for electronics manufacturing.
Multiparticle Analysis and Effect of Interparticle Spacing for Transverse Magnetic Polarized Light. The TM polarized electric field enhancement for the nanoparticle configuration corresponding to case b when the particles are all in contact (d ¼ 0) is depicted in Fig. 3 . It is observed that the electric field is enhanced up to 400 times between the adjacent nanoparticles, which is around 16 times higher than the case a when only one particle was sitting on the substrate. That shows that for copper nanoparticle packings with collinear nanoparticle packings, the incident field can drive the charge distribution in the metallic nanoparticles rapidly and create a plasmon waveguide for optical pulse propagation below diffraction limit [34, 35] . It is also observed that the maximum enhancement occurs between the center nanoparticle in linear configuration and the adjacent particles. This is expected because there is a near-field coupling between the particles along the polarization direction combined with the localized plasmon resonance effect at 532 nm. This shows that a very strong localized field is generated below the diffraction limit. We also see that the particle above the three bottom particles has relatively weaker electric field enhancement than the adjacent particles in linear configuration due to the strong coupling along the polarization direction. Figure 4 illustrates the effect on the electric field enhancement of varying the distance between the particles (d) between 10 nm and 50 nm for TM polarized light. It can be seen that the plasmonic effects are much more dominate along the direction of polarization and that the interaction between the nanoparticles of localized surface plasmon modes creates the gap modes. The effect of this very intense electromagnetic field is present when d is between 0 and 10 nm and the localized field is almost coherent between the adjacent particles with the contribution of the evanescent waves. Hence, it is expected that this strong electric field enhancement results in greater heating of the nanoparticles which will lead to more grain growth and neck formation between the particles. The electric field enhancement starts to decrease from a factor of 64 to a factor of around 28 when d is decreased from 10 nm to 50 nm. This is expected due to the reduced near-field coupling between the particles. It is observed that the particle which is above the three bottom particles in a linear configuration does not affect the particles below. This is mostly due to the polarization effect, which results in generation of surface plasmon polaritons along the polarization direction. These results also show that the calculated field enhancement drops significantly as the gap spacing becomes very large. This makes sense because as the gap size increases beyond the radius of the particle, the particles start to behave individually and lose their strong plasmonic coupling effect. Hence, controlled coupling of localized and propagating modes is very promising way to tune electromagnetic energy transport for high sensitivity thermal systems.
Multiparticle Analysis and Effect of Interparticle Spacing for Transverse Electric Polarized Light. The electric field enhancement with TE polarized light for the case b configuration when d ¼ 0 is shown in Fig. 5 . In this configuration, the electric field is enhanced more than 26 times between the adjacent nanoparticles, which is around 15 times less then when the same configuration is illuminated using TM polarized light. It is also observed that the maximum enhancement occurs along the 
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Transactions of the ASME direction of the polarization on the particles. This is important because it implies that the particles in multilayer case are mostly affected by the layers close to the light source and that the effects of the plasmonic particles between the layers decrease through the bottom layers when illuminated by TE polarized light. Figure 6 illustrates the electric field enhancement with varying d from 10 nm to 50 nm for the TE polarized light. It can be seen that the localized field enhancement is approximately constant at around 5-6 times when d is varied between 10 nm and 50 nm. Due to the polarization direction, the particle above the three bottom particles in a linear configuration does not significantly affect the bottom layer particles. This indicates that light/nanostructure interaction in this geometry is not affected significantly by the distance between the particles. Also, these results show that the enhanced field is always significantly greater for TM polarization than for the TE polarization for the 3D particle configurations where the particles are all in contact with each other but that the difference in the enhanced fields drops significantly when the particles start to have some spacing between each other. This indicates that the energy transfer between the particles is more significantly affected by the light for polarization when the particles are clustered together (i.e., d ¼ 0). Another interesting observation is that when the particle's distance, d, is on the order of the particle diameter, the field enhancement is almost the same for TE and TM configurations which implies that particles start to lose their near-field interactions at this scale and start to behave similarly for these cases.
Thermo-Optical Analysis of the Three-Dimensional Particle Structures. As the light is absorbed and scattered by the metallic nanoparticle at 532 nm wavelength, absorption and scattering cross sections were analyzed for TM (X-pol.) and TE (Y-pol.) polarized light.
It can be seen from Fig. 7 that absorption increases slightly with particle spacing for TE polarized light. The maximum electric field enhancement under TE polarized light depends only weakly on particle spacing. This slight increase in enhancement is due to the effect of the glass substrate on the nanoparticle placed above the three bottom particles in the linear configuration. Indeed, the background field on a glass substrate interferes with the absorption of the nanoparticle although this absorption increase is small. However, the absorption cross section decreases when d is varying from 0 to 50 nm under TM polarized light. This can be explained as the collective properties of the linear nanoparticle array packing and the charge transport are along the polarization direction, which results in near-field confinement of the charge distribution with interference effect between the particles [36] . Hence, this effect starts to decrease as the gap increases which results in less absorption by the nanoparticles. We can also see that at large spacing, the particles act more as individual particles and the absorption cross section is expected to converge when d exceeds 50 nm with TM and TE polarized light. Figure 8 shows the scattering cross section as a function of particle spacing. The scattering cross section decreases when d increases when illuminated with TE polarized light. This occurs because the particle configuration is orthogonal to the polarization direction resulting in relatively weak coupling to between the particles. In addition, the glass substrate tends to scatter more when the particles are packed closer together, as determined by analysis of the background field. However, this is not the case for TM polarized light because high near-field coupling with the evanescent waves between the nanoparticles in the regime of 0-10 nm results in high scattering [31, 37] . This near-field coupling starts to decrease linearly after d exceeds 20 nm. Furthermore, it is observed that the background field does not contribute on the nanoparticle scattering and a resonant scattering results in asymmetric line shape for TM polarized light. Figure 9 shows the extinction cross section which is the sum of the absorption and scattering cross sections for both polarizations. It can be seen that the scattering cross section is dominant over the absorption cross section for the TM polarization. Hence, the trends in the extinction cross section as a function of d mirror that of the scattering cross section. As the decrease rate in the scattering cross section is more than increase rate of absorption cross section for TE polarization, the extinction cross section also decreases with d. It can also be seen from the single-scattering albedo analysis with particle spacing (d) in Fig. 10 that the absorption cross section contributes more to the extinction cross section for TE polarized light when d increases from 10 nm to 50 nm. This is also the case for TM polarization illumination, but this starts when d exceeds 30 nm. This is due to very intense near-field coupling between the nanoparticles, which results in strong scattering when the gap spacing is very small (<10 nm). Moreover, when the particles are at clustered together (d ¼ 0), the absorption cross section is dominant over the scattering due to the electromagnetic absorption by collective mode.
The extinction cross section analysis also shows that TM polarized light does not penetrate as far into the glass substrate compared to the TE polarized light since the light is more quickly attenuated for TM polarization light. This indicates a greater degree of opacity (optically thicker) for TM polarized light than for TE polarized light with this nanoparticle configuration and optical wavelength. In addition, due to interference effects in the d ¼ 0-10 nm range, the attenuation results in an asymmetric behavior for TM polarized light. Overall, this result is important because the extinction cross section is related to how far the light energy can penetrate through the nanoparticles which will affect the depth of the sintering in the nanoparticle assemblies.
Figures 11 and 12 depict the time-averaged energy flux density per unit area (W/m 2 ), which shows the instantaneous power flow due to instantaneous electric and magnetic field distribution with varying d under 532 nm TM and TE polarized light, respectively.
For the TM polarization, when d ¼ 0 the Poynting vector is confined to mostly between the particles. In addition, when d increases from 20 nm to 50 nm, the particle above the linearly configured particles start to diminish the directed energy density flux with the particles located below. Also, we can see from Fig. 12 that the average of the instantaneous Poynting vector over time does not change significantly with varying d. This is expected because we do not observe highly confined coupling between the nanoparticles on a glass substrate for TE polarized light as discussed in the Multiparticle Analysis and Effect of Interparticle Spacing for TE Polarized Light section. However, it can be seen that the directed energy density is mostly between the nanoparticles and the glass substrate. Figure 13 shows total resistive heating loss in the nanoparticles on the glass substrate. In the TM polarization case, the collective properties of the nanoparticles and the charge transport are along the polarization direction which results in high near-field confinement between the particles. This effect starts to decrease as the gap increases which results in less absorption by the nanoparticles for TM polarization. However, this is not the case for the TE polarized light because there is not high confinement between the particles, and the background field on glass substrate interferes the absorption of the nanoparticle. This results in higher absorption yet minimum increase with increasing d.
Overall, these results show that the configuration and spacing of the particles on the substrate can have a significant effect on the absorption and scattering of the light by the nanoparticles in the nanoparticle assembly. Therefore, the exact locations of the particles in the nanoparticle assembly will significantly change how the nanoparticle assembly heats up and the particles sinter together. In addition, the polarization of the light has a significant effect on both the extinction cross section as well as the resistive heating in the nanoparticle packings. Therefore, the selection of the correct laser source will have a major impact on the nanoparticle sintering process. These results also do give some insights into how we will expect the full nanoparticle assemblies to behave. For example, these results show that the maximum plasmonic enhancement and resistive heating occur when the particles in the assembly are in contact with each other. This is critical because sintering between particles can only occur where the particles are in contact with each other. The plasmonic enhancement at the interface between particles can, therefore, allow sintering to occur at temperatures well below the melting temperature. This result matches well with previous experimental results where the photonic sintering of copper nanoparticles is observed to occur at laser powers well below what would be required to fully melt the nanoparticles [38] . This means that local diffusion at the interface between the particles can be the dominant source of powder bed fusion in nanoparticle systems due to the very local plasmonic enhancement and heat generation where as microparticle-based additive manufacturing systems typically require the full melting of the particle to occur before particle fusion can take place [39] . Therefore, these local plasmonic enhancements between nanoparticles in microscale additive manufacturing processes, such as the microscale selective laser sintering process, allow parts to be manufactured at much lower bed temperatures then are required for more conventional selective laser sintering systems which helps to reduce the residual stress in the parts fabricated and allows additively manufactured structures to be fabricated on a wider variety of low temperature substrates.
The results for these 3D nanoparticle configurations indicated that a more detailed analysis of larger, random particle assemblies is required in order to be able to accurately predict the thermooptical properties of full nanoparticle assemblies. These results will also need to be compared with the experimental results since the exact configuration of the particles in the assembly with respect to both the light polarization direction and the spacing between particles will dominate these assembly properties.
Conclusion
We have shown that solutions of Maxwell's equation in frequency domain can be used to analyze near-field interactions for nanoparticle sintering in 3D nanoparticle packings. We showed that the effect of the spacing between the nanoparticles with TE and TM polarizations is significant and observed that the field enhancement is highly dependent on the nanoparticle spacing. Also, it was determined that the maximum electric field enhancement is achieved when nanoparticles cluster together in a configuration where all the nanoparticles touching each other and that the enhancement decreases as the particle spacing increases. The thermo-optical properties change nonlinearly in the d ¼ 0-10 nm regime due to the strong, nonlocal near-field interaction between the particles with the TM polarized light. This indicates that the different light polarizations result in different subwavelength energy transport mechanisms. These observations are, therefore, an important step toward to understand photonic sintering between the particles for subwavelength 3D electronic structures. Transactions of the ASME
